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Interference-induced gain in the Autler-Townes doublet of a V-type atom in a cavity
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We study the Autler-Townes spectrum of a V-type atom coupled to a single-mode, frequency-tunable cavity
field at finite temperature, with a pre-selected polarization in the bad cavity limit, and show that, when the
mean number of thermal photoN$>1 and the excited sublevel splitting is very la@é the same order as the
cavity linewidth, probe gain may occur at either sideband of the doublet, depending on the cavity frequency,
due to cavity-induced quantum interference. It is also possible to choose the cavity detuning so that one of the
Autler-Townes sidebands vanishes.
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In recent years, there has been a resurgence of interest in It is important for all these effects that the dipole mo-
the phenomenon of quantum interferefté It provides the  ments of the transitions involved are parallel, or very nearly
origin of many new effects and applications of quantum op-so, so that theross-decay termare maximal. In practice,
tics, such as lasing without population invers[@j, electro-  however, it is difficult to find isolated atomic systems that
magnetically induced transparenfy], enhancement of the have parallel moment®,5,12,17. Various alternative pro-
index of refraction without absorptiofi4], fluorescence posals[15,17,18§ have been made for generating quantum
guenching5-8], and spectral line narrowind,9]. interference effects. For example, if the two upper levels of a

The basic system consists of a singlet state connected to\gtype atom are coupled by a microwave field or an applied
closely spaced excited doublet by a single-mode laser. Cardiaser, the excited doublet becomes a superposition, so that as
monaet al. [5,6] studied the effect of quantum interference the atom decays from one of the excited sublevels it drives
on the resonance fluorescence of such a system, and fouffsf other. For such systems, cross-decay terms are evident in
that it can be driven into a dark state in which quantumtN® &tomic dressed pictuf@5]. The experimental observa-

interference prevents any fluorescence from the excited sution Of destructive interference between the transition prob-
levels, regardless of the intensity of the exciting laser. W

bility amplitudes from the ground state to the excited dou-
have recently shown that quantum interference can also Ie%r ets(dressed statgdn terms of electromagnetically induced
to narrow resonances, transparency, and gain without popu-

ansparency has been reported in many laboratp8id$).
lation inversion in the probe absorption spectrum of such a Pgtnauk and Agarwal have shpwn that the effect of guan-
. %um interference can also occur in a four-level atom with two
atomic .systenilo]. , closely spaced intermediate states coupled to a two-mode
Harris and co-workerg2] generalized the V-type atom {0 oyiy with preselected polarizatiofs7]. Recently, Agarwal
systems where the excited doublets decay to an additionfd g has proposed a scheme whereby quantum interference
continuum or to a single auxiliary level, in addition to the c3n pe produced by the anisotropy of the electromagnetic
ground state. They found that at a certain frequency the alyacyum, for closely spaced states. A cavity could naturally
sorption rate goes to zero due to destructive interferencgrovide the implementation of the propo$a8.
whereas the emission rate remains finite. It is possible to We have recently also proposed a scheme for the engi-
amplify a laser field at this frequency without population neering of quantum interferendéhe production of parallel
inversion being present. In the case of a single auxiliaryor antiparallel dipole momentsn a V-type atom coupled to
level, quantum interference can lead to the elimination of thea frequency-tunable, single-mode cavity field with a prese-
spectral line at the driving laser frequency in the spontaneoulected polarization at zero temperat(if®]. We have found
emission spectruni7] and transparency in the absorption that the effects of the cavity-induced interference are pro-
spectrum11]. nounced only when the cavity detuningand the excited
An experimental investigation of interference-induceddoublet splittingw,; are much less than the cavity linewidth
suppression of spontaneous emission was carried out in s@«. Here we shall extend the study to a cavity damped by a
dium dimers, where the excited sublevels are superpositiorthermal reservoirat finite temperature, so that the mean
of singlet and triplet states that are mixed by a spin-orbitnumber of thermal photond in the cavity mode is nonzero.
interaction[8,12]. A subsequent experiment failed to observeWe show that, even in the case whérand w,; are of the
the same featurd4.3]. A detailed theoretical investigation of same order as the cavity linewidthw2the cavity-induced
this system has recently been provided, which found that thimterference is still significant wherN>1, and that
number of peaks in the spectrum depends upon the excitatidnterference-assisted gain may occur in one component of
procesq 14]. the Autler-Townes doublet for a certain cavity resonant fre-
quency. Such interference-related gain in the Autler-Townes
doublet is also reported in free spd@®]. We note that Ref.
*Electronic address: peng.zhou@physics.gatech.edu [20] presented a scheme for detecting the quantum interfer-
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ence resulting from nonorthogonally oriented dipole transi-eliminate the cavity-mode variables, giving rise to a master
tions in free space, by a sophisticated arrangement of thequation for the atomic variables orl@1], which takes the
pump and probe lasers, rather than for generating quantuform
interference.
Our model consists of a V-type atom with the ground  _ _; 2 _
state|0) coupled by the single-mode cavity field to the ex- P IHAp1F{F (020 (NF D10 (AorpAso™ Asp)
cited doublef1),|2). Direct transitions between the excited + 0195 (Ag1pAz0—Asp) ]+ F(— wp)(N+1)
sublevelg1) and|2) are dipole forbidden. The master equa- 5 .
tion for the total density matrix operatgr; in the frame X[192|*(Ag2pAz0— Azzp) + 97 92(AgzpAro— Aszp) ]

rotating with the average atomic transition frequensy tF N 20 As oAt — A + 01O AsrpA
— (10+ wyg)/2 takes the form (@020 N[|91|*(A100A01— PAG0) + 9105 AzapAoy]

+F (= w21)N[| 92 2(Az0pAoz— pAg0) + 0% 92A100A02]

pr=—i[Ha+Hc+H,,prl+ LoT, @
+H.c}, (4)

where
whereF (+ wy) =[ k+i(8+ w,4/2)] L.
Obviously, Eq.(4) describes cavity-induced atomic decay
1 into the cavity mode. The real part & = w,)|g;|* repre-
Ha== wo1(Asp—Aq), (2b) sents the cavity-induced decay rate of the atomic excited
2 level j(=1,2), while the imaginary part is associated with
. + the frequency shift of the atomic level resulting from the
Hi=i(91A011 g2A0)a’ —H.c, (29 interaction with the vacuum field in the detuned cavity. The
other terms, F(iwzl)gigj* , (i#]), however, represent
cavity-induced correlated transitions of the atom, i.e., an

Hco=da'a, (2a)

Lpr=x(N+1)(2apra’—a'apr—pra'a)

+kN(2a'pra—aa’pr—praal) (2d)  emission followed by an absorption of the same photon on a
different transition, (1)—|0)—|2) or |2)—|0)—|1)),
with which give rise to the effect of quantum interference.
The effect of quantum interference is very sensitive to the
0=wc—wg, wxy=E;—Ey, orientations of the atomic dipoles and the polarization of the
cavity mode. For instance, if the cavity-field polarization is
9i=6, - dg /gi\c/ (i=1,2). 3) ?hot preselected, as in free_ space, one .must. re@@é by .
€ e sum over the two possible polarization directions, giving

_ 2,99} dq; - d; [17]. Therefore, only nonorthogonal dipole
HereHc, Ha, andH, are the unperturbed cavity, the unper- transitions lead to nonzero contributions, and the maximal
turbed atom, and the cavity-atom interaction Hamiltoniansinterference effect occurs with the two dipoles parallel. As
respectively, whileCp describes damping of the cavity field pointed out in Refs[2,5,17,12, however, it is questionable
by the continuum electromagnetic modes at finite temperayhether there is an isolated atomic system with parallel di-
ture, characterized by the decay constanand the mean poles. Otherwise, if the polarization of the cavity mode is
number of thermal photory; a anda' are the photon anni- fixed, saye, =e,, the polarization direction along the
hila_ltio_n _and creatio_n operators of the_ cavity mo_qe, and  quantization axis, the; g’ «(doi)x(dg;)x . Which is nonva-
=[i)(jl is the atomic populatiorithe dipole transitionop-  pishing, regardless of the orientation of the atomic dipole
erator fori=j (i#j); &6 is the cavity detuning from the matrix elements.
average atomic transition frequenays, is the splitting of It is apparent that ifc> 5, w,;, the frequency shifts are
the excited doublet of the atom, amgl is the atom-cavity negligibly small[19], and thus Eq(4) reduces to that of a
coupling constant, expressed in termgdgf, the dipole mo-  v/.-type atom with two parallel transition matrix elements in
ment of the atomic transition frofj) to |1), e,, the polar-  free spacd5,6,10. In the following we shall discuss the
ization of the cavity mode, and, the volume of the system. effect of quantum interference by examining this system'’s
For simplicity, we assume here that the atomic spontaneousieady-state absorption spectrum, which is defined as
decay through the sides of the cavity can be neglected. In the

remainder of this work we assume that the polarization of the o '
cavity field is preselectedi.e., the polarization index is A(w)=Ref lim([P(t+7),PT(t)])e'"dr, (5)
fixed to one of two possible directions. 0t

In this paper we are interested in the bad cavity limit
>g;, that is, the atom-cavity coupling is weak, and the cav-where o =w,—w,, w, being the frequency of the probe
ity has a lowQ so that the cavity field decay dominates. Thefield, and P(t)=d;Ay;+d,Aq, is the component of the
cavity field response to the continuum modes is much fastemtomic polarization operator in the direction of the probe
than that produced by its interaction with the atom, so thafield polarization vectoe,, with dj=eg,-do; . With the help
the atom always experiences the cavity mode in the statef the quantum regression theorem, one can calculate the
induced by the thermal reservoir. Thus one can adiabaticallgpectrum from the Bloch equations
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FIG. 1. Absorption spectrum fog;=g,=10, k=100, wy;
. Wy =100, N=10, andé=0, 10, 50, 100, 200, 500 ite)—(f), respec-
(AgD) = —| F(020)|91|%(2N+ 1)+ F(— w1)|ga|*N—i > tively. In Figs. 1-3 the solid curves represent the spectrum in the
presence of the maximal interferenceg=1), while the dashed
X (Agp) — F(— 02093 g2(N+1)(Agy), curves are the spectrum in the absence of the interfereme®{.
_ ) ) Wy and depend on the cavity frequency. It is evident that
(Ag2) = — | F(021)|91|*N+F(— w20[ 92| (2N+1)+i—- <1v, when §>0, and bothy, and y, decrease as$ in-

X(Ao2 —F(@219:93 (N+1)(Agy). (6)

To monitor quantum interference, we insert a facipr

(=0,1) in the cross-transition tern@ﬁg}‘ . When =0, the

creases. Noting that the lower and higher frequency peaks
have linewidths I'j=v;(2N+1)+y,N and I'y=vy;N
+y,(2N+1), and have heights proportional quhl, the
lower frequency sideband is slightly higher than the higher
frequency one fov>0 and both sidebands can be narrowed

cross transitions are switched off, so no quantum interferencley increasing the cavity detuning. See, for example, the
is present. Otherwise, the effect of quantum interference igslashed lines in the following three figures.

maximal.

The spectral features are dramatically modified in the

It will be shown that for dominant quantum interference presence of the cavity-induced interfereneg=(1). When

effects we need to work in the regian,;=« and N>1.

the cavity is resonant with the average frequency of the

Physically, the incoherent thermal reservoir plays the role ogtomic transitions =0, the doublet is symmetric, and its
a driving field here, and the conditid#>1 ensures that the sjgebands are higher and wider than thatfer0, as shown
stimulated and §pontaneous decay rates are approximatgly Figs. Xa), 2(a), and 3a). Otherwise, it is asymmetric.
equal. The conditiom,= x means that the cavity mode can giiher sideband of the doublet can be suppressed, depending
couple to the two transition channels. The dgtunmgan upon the cavity frequency, e.g., the higher frequency side-
vary over a very wide range gnd the spectra still show intery - nd is suppressed fér= 10, 50, and 100, see in Figs(hl—
_estlng _features, as the following figures |II_ustrate. However,l(d), while the sideband is enhanced 6& 200, shown in
:gr;che limit 5> w51, the effects of quantum interference van- Fig. 1(e). When the cavity frequency is far off resonant with

- _ the atomic transition frequencies, sy 500 as in Fig. {f),

Figure 1 shows the Autler-Townes spectra =g, the absorption spectra fay=0 and 1 are virtually the same,

=10, k=w,»1=100, N=10, and different cavity detunings. _ o : . -
In the absence of interference;0), the two transition that llls, the effect of cavity-induced interference is negligible
small.

paths|0)«|1) and|0)«|2) areindependentThese transi- . _ o
tions lead to the lower and higher frequency sidebands of the Rather surprisingly, Fig. (t) shows probe gain in the

absorption doublet, respectively. It is not difficult to see thathigher frequency sideband, without the help of any coherent
the spectral heights and linewidths are mainly determined bpumping. Moreover, increasing the mean number of thermal

the cavity-induced decay constantgi = 1,2) of the excited PhotonsN may enhance the probe gain; see, for instance,
states, which have the forms Fig. 2 forN=20, in which higher frequency probe gain even

occurs for a relatively small cavity detuning, such&s10

in Fig. 2(b). By contrast, when the detuning is very large, the
7) probe beam can be amplified at the lower frequency side-

band, rather than at the higher frequency one, as shown in

_ x|g,|?
K2+ (8= wpyl2)?

«|9a]?

Pt (0022

Y=
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FIG. 4. The steady-state population differences and coherence
FIG. 2. Same as Fig. 1, but witi=20. vs the cavity detuning, fog;=g,=10, w,;=200, N=20, and#n
’ =1. The solid, dashed, and dot-dashed lines respectively represent

(A1) —(Agp), ((Azp)—(App), and Re(A;y)).
Fig. 2(e) for =200, for example. Figure 2 also shows that (Aaa) = (Aow)). (A2~ (Ao (As2

the linewidths are broadened for a large number of therma1lo><_>|2> The gain at each sideband has a different origin

photons. T . X X .
; o show this, we first plot the steady-state population differ-
In Fig. 3, we present the Autler-Townes spectrum for 3ences between the excited sublevels and the ground level,
large excited level splittingp,,= 200, and a large number of

. - (A1) —(Agy and (A, —(Aqy, and the coherence between
thermal photond\ = 20. We find that more pronounced gain, (As : . . o
as compared with that fap,,— 100, is displayed at the lower the excited sublevelgA;,), against the cavity detuningin

. - . Fig. 4 forg;=9g,=10, k=100, w,;=200, andN=20. It is
;requency a%etgam(jj ffcgﬁ—_lzoc,)OSOband 1|00,fgr:jd atLLtrlef h'q[uer clear that the steady-state populations and coherence are
Izraerggre Ir:a(i/):elsépfittﬁng the ;ffect.of tr;fa ias\?ityl—ri]nc?uc;d ir?trerfeer- highly dependent on the cavity frequency. The coherence is
ence is still significant whed=500, as shown in Fig.(®). symmetric with the cavity detuning and reaches its maxi-

; .mum value até=0, while the population differences are
where the lower frequency peak is almost suppressed whil

. . gsymmetric. Furthermore, population inversion may be
the higher is greatly enhanced. However, widhaw,,, say achieved for certain cavity frequencies, for example, if

1,100, h et o ertrence dsappeie 113356, ten() A, e (A
.. _in the region—650< < —143.8. Therefore, the gain in the
In what follows, we shall see that the probe gain is aregion of — 143.8< 5<143.8 must stem from the cavity-
direct consequence of the cavityjinduced quantum inten‘eri—nduced steady.—state coh.erence between the two dipole-
ence between the two transition patf§)«[1) and forbidden excited sublevels, rather than from the population
inversion between the two dipole transition levels. However,
population inversions may result in probe gain when the cav-
ity detuning is in the regions- 650< §<—143.8 and 143.8
< 6<650. We thus conclude that, in the case®#0, as
shown in Figs. 1-3, the gain at the lower frequency sideband
comes from the contribution of the steady-state atomic co-
herencg(A;,), while the gain at the other sideband is attrib-
uted to the steady-state population inversiofA.()
200 ~200 >(Aw)-
Noting that, in the absence of interferencg=0), the
0.02 quantities (A1) =(A,) =N/(3N+1), {Agy=(N+1)/(3N
+1), and(A;,)=0 are independent of the cavity detuning,
the cavity frequency dependence of the steady-state popula-
tions and coherence is a manifestation of cavity-induced
quantum interference.
To further explore the origin of the probe gain, we sepa-
rate the Autler-Townes spectrum into two parts, in which

- O = N W O

|
Q
o
(o]
n
(=]
o

|
o |

0.015

0.01

0.005

P ——

-

-2 o)
200 0 200 200 0 200 -200 0 200 one corresponds to the contribution of the populations, while
® ® ® o
the other results from the coherence, in Fig. 5, o9,
FIG. 3. Same as Fig.1, but with,,;=200 andN=20. =10, k=100, w,;=200, N=20, and various cavity fre-
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(a)

0.03
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0.01
0 . I
FIG. 5. Different contributions to the absorp-
~0.01 tion spectrum, forg;=g,=10, k=100, wy
-400 -200 0 200 400 =200, N=20, =1, and$=0, 50, 100, 200 in
(d) (8)—(d), respectively. The solid curves represent
0.01 the contributions of the population differences,
A while the dashed curves are those of the coher-
0 EANE ences.
-0.01
-0.02
A"
-400 -200 0 200 400 -400 -200 0 200 400
(1Y) Q)

guencies. It is obvious that wheh=0, 50, and 100 the con- single-mode, frequency-tunable cavity field at a finite tem-
tributions of the coherence to the spectrum are negéitee  perature, with a preselected polarization in the bad cavity
probe gain, whereas the populations make positive contribu-imit. There are no special restrictions on the atomic dipole
tions; see, for example, Figs(é@—5(c). One can also see that moments, as long as the polarization of the cavity field is
the spectral component resulting from the populations ireselected. We have investigated the cavity modification of
symmetric only whers=0; otherwise, it has different values the Autler-Townes spectrum of this system, and predicted
at the lower and higher frequency sidebands, which are prqyrobe gain at either sideband of the doublet, depending upon
portional to (Agg)—(A1p) and (Aog)—(Az), respec- the cavity resonant frequency, when the excited sublevel
tively. As shown in Fig. 4, if the cavity detuning is zero, then splitting is very large(of the same order as the cavity line-
((Aoo —(A12)) = ((Aoo) ~(Az2)), Whereas (Aoy —(A11))  idth) and the mean number of thermal photons greatly ex-
>((Agp —(Azp) for =50 and 100. As a result, the lower cqeqs unity. The gain occurring at different sidebands has
frequency peak is higher than the other in the ca®e$0 gitferent origins: fors>0, the lower frequency gain is due to
and 6=100. The total spectrum may therefore exhibit probehe nonzero steady-state coherence, while the higher fre-
gain at the higher frequency sideband at these cavity freéguency gain is attributed to the steady-state population inver-
quencies. See for example, Fig¢ci3and 3d). The gain is  gjon. Both the nonzero coherence and the population inver-
purely attributable to the cavity-induced steady-state atomigjon originate from cavity-induced quantum interference. It
coherence. However, whef=200, the situation is reversed: s giso possible to choose the detuning so that one of the
the coherence gives rise to probe absorption, while the popyxtjer-Townes sidebands is suppressed.
lations lead to gain at the lower frequency sideband, due to
population inversion between the levgly and|1), as illus- This work was supported by the United Kingdom EPSRC.
trated in Fig. 4. We gratefully acknowledge conversations with Z. Ficek. We
In summary, we have shown that maximal quantum interwould also like to thank S. Menon for bringing R¢20] to
ference can be achieved in a V-type atom coupled to &ur attention.
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